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ABSTRACT 13 
The purpose of the present article is the evaluation, by means of life cycle 14 
assessment, of a system which consists of vacuum-tube solar thermal collectors. The 15 
system is appropriate for building integration and it has been developed in France. The 16 
methods ReCiPe and USEtox have been adopted. Regarding life-cycle results, 17 
according to the scenario «without recycling» and for 30-year system lifespan, ReCiPe 18 
payback time was calculated to be 18.14 years based on France´s electricity mix 19 
whereas by using Spain´s electricity mix (hypothetical scenario) it was found to be 4.03 20 
years. Recycling offers a ReCiPe-payback time reduction of 2.66 years based on 21 
France´s electricity mix and 0.59 years based on Spain´s electricity mix. All the studied 22 
cases show ReCiPe payback times much lower than an assumed system-lifespan of 30 23 
years. On the basis of ReCiPe midpoint and by considering material manufacturing of 24 
the 16 collectors and the additional elements of the system (scenario «without 25 
recycling»), among glass-, aluminium-, copper- and steel-based components, the 26 
copper-based ones present the highest impact in 15 of the 18 impact categories. For 27 
instance, for Freshwater eutrophication, the copper-based elements have a score that is 28 
around 30 times higher comparing to that of the aluminium-based ones. The USEtox 29 
findings, for the material manufacturing of the 16 collectors and the supplementary 30 
elements of the system and for the scenario «without recycling», reveal that the material 31 
with the highest total score in terms of: i) human toxicity/cancer is copper (6.7E-09 32 
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CTUh), ii) human toxicity non-cancer is propylene glycol (4.0E-08 CTUh), iii) 33 
ecotoxicity is copper (2.06 CTUe). Recycling of the metals, according to USEtox, offers 34 
an impact reduction of 20-95%. A discussion about factors that influence the 35 
environmental profile of building-integrated solar systems is also provided.       36 
Keywords: Building-Integrated Solar Thermal (BIST) system; Vacuum-tube solar 37 
thermal collectors; Life Cycle Assessment (LCA); ReCiPe, USEtox; Human health, 38 
Ecosystems, Resources; Ecotoxicity, Human toxicity 39 
1
 40 
1. INTRODUCTION 41 
Towards urban sustainability and environmentally sustainable cities, solar 42 
energy systems offer multiple eco-friendly solutions but there are some environmental 43 
issues such as recycling and inputs during the use stage that should be taken into 44 
account (Lamnatou et al., 2015a, 2016). Regarding the integration of solar systems in 45 
buildings, there are two main categories: 1) Building-Added (BA) configurations: The 46 
systems are added to the building, after construction is completed, and they do not serve 47 
as part of the building structure, 2) Building-Integrated (BI) configurations: The 48 
systems are part of the building structure. BI solar systems are energy-producing 49 
structures and they: i) have double functionality because they produce energy and, at the 50 
same time, they serve as a building element (glazing, façade, etc.), ii) provide 51 
environmental benefits. An additional advantage is the fact that BI solar systems are 52 
incorporated into the building in an aesthetically pleasing way. In the literature, solar 53 
thermal systems that are BI are known as Building-Integrated Solar Thermal (BIST) 54 
systems (Lamnatou et al., 2015a, 2016). Moreover, BI solar systems offer 55 
                                                 
1 ABBREVIATIONS: BA: Building-added; BI: Building-integrated; BIST: Building-integrated solar thermal; CED: Cumulative 
energy demand; CML: CML method; CO2.eq: CO2.equivalent; CTUe: Comparative toxic unit for ecosystems; CTUh: Comparative toxic 
unit for humans; DALY: Disability-adjusted life years; EC: Embodied carbon; Ecological footprint: Ecological footprint method; 
EE: Embodied energy; EI99: Eco-indicator 99 method; EI99 PBT: Eco-indicator 99 payback time; EPBT: Energy payback time; 
GJprim: GJprimary; GPBT: Greenhouse-gas payback time; GWP: Global warming potential; IMPACT 2002+: IMPACT 2002+ method; 
IPCC 100a: IPCC method based on a time horizon of 100 years (in terms of GWP); LCA: Life cycle assessment; PBT: Payback 
time; PCM: Phase change material; Pts: Points; PV: Photovoltaic; PVT: Photovoltaic/thermal; ReCiPe: ReCiPe method; ReCiPe 
PBT: ReCiPe payback time; (species.yr): Loss of species over a certain area (during a certain time); USEtox: USEtox method 
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environmental advantages in the case of nearly zero-energy buildings (Palacios-Jaimes 56 
et al., 2017).   57 
Within the field of solar energy systems, solar thermal collectors are eco-58 
friendly solutions towards sustainable buildings (Kalogirou, 2009; Zabalza et al., 2013; 59 
Echarri-Iribarren et al., 2018). In this context, environmental Life Cycle Assessment 60 
(LCA) on these types of systems offers interesting information. In general, LCA is 61 
considered as a useful tool for building eco-design (Zabalza et al., 2013).  62 
Regarding LCA studies about BA solar thermal systems, Kalogirou (2009) 63 
investigated solar water heaters based on flat-plate collectors for domestic applications. 64 
Emissions (CO2, NOx, etc.) and Embodied Energy (EE) were examined. Kalogirou 65 
(2009) concluded that thermosiphon solar water heating systems are eco-friendly and 66 
sustainable technologies. Otanicar and Golden (2009) presented a work about emissions 67 
(CO2, SOx, NOx) and EE of solar thermal collectors for domestic hot water heating. 68 
Conventional and nanofluid-based solar thermal collectors were examined. The 69 
nanofluid-based configuration presented lower embodied energy (around 9%) and about 70 
3% higher levels in terms of pollution offsets in comparison to the conventional 71 
collector. Comodi et al. (2014) investigated traditional solar thermal collectors based on 72 
Eco-indicator 99 (EI99), Energy Payback Time (EPBT), CO2 and economic Payback 73 
Times (PBTs). Glazed and unglazed configurations were examined. The systems were 74 
evaluated in three cities (Rome, Madrid, Munich) in order to investigate the influence of 75 
the climatic conditions on the output of the solar systems. The EPBTs ranged from 2 to 76 
5 months in the case of the unglazed collectors and from 5 to 12 months in the case of 77 
the glazed configurations, depending on the scenario (Comodi et al., 2014). Arnaoutakis 78 
et al. (2017) evaluated, according to EI99 method, flat-plate thermosiphon and 79 
integrated-collector-storage solar water heaters. The integrated-collector-storage 80 
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configuration presented a better environmental profile in comparison to the flat-plate 81 
one. Michael and Selvarasan (2017) conducted a work about LCA of different types of 82 
solar systems for domestic applications. The studied solar thermal system was based on 83 
a flat-plate collector and showed an EPBT of 0.8 years and a carbon PBT of 0.13 years. 84 
Kylili et al. (2018) examined the environmental profile of solar thermal systems with 85 
flat-plate collectors, appropriate for industrial applications. Several impact categories 86 
(Global Warming Potential (GWP), etc.) were examined. It was found that the raw 87 
material extraction and the manufacturing of the system are responsible for more than 88 
85% of the total impact in terms of impact categories such as ozone depletion and 89 
depletion of elements. Uctug and Azapagic (2018a) investigated the environmental 90 
performance of flat-plate solar thermal collectors for domestic hot water production. 91 
The method CML 2001 was adopted. The EPBTs were calculated to be around 1 and 92 
3.3 years, depending on the region. 93 
Concerning LCA on BIST systems, there are few studies. With respect to LCA 94 
about gutter-integrated BIST configurations with/without Phase Change Material 95 
(PCM), some examples are following presented: 1) LCA based on Cumulative Energy 96 
Demand (CED) and GWP (Lamnatou et al., 2018a), 2) LCA according to ReCiPe, 97 
USEtox and Ecological footprint (Lamnatou et al., 2018b). The results of the study by 98 
Lamnatou et al. (2018b), according to ReCiPe endpoint single-score, showed that the 99 
configuration with PCM has 0.003 Points (Pts) per kWh of produced thermal energy 100 
higher impact in comparison to the system without PCM. Within the field of BIST 101 
LCA, additional works are those by: i) Lenz et al. (2012) about façade-integrated solar 102 
thermal collectors, ii) Lamnatou et al. (2014; 2015b; 2016) about gutter-integrated solar 103 
thermal configurations, based on EE, EPBT, Embodied Carbon (EC), IMPACT 2002+ 104 
method, etc. Lenz et al. (2012) highlighted that the credits for recycling of the metals 105 
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offer a considerable (up to 30%) life-cycle impact reduction. The benefits of recycling 106 
for these types of systems have also been examined by Lamnatou et al. (2014; 2015b; 107 
2016).   108 
Regarding the specific category of solar thermal collectors with evacuated tubes, 109 
few LCA studies have been presented. Some examples are the works of Hang et al. 110 
(2012), Hernandez and Kenny (2012), Hoffmann et al. (2014), Carlsson et al. (2014), 111 
Greening and Azapagic (2014). The aforementioned studies compared, based on EE, 112 
EC, EPBT, Greenhouse-gas Payback Time (GPBT), EI99 method, etc., evacuated-tube 113 
with flat-plate solar thermal collectors. The results revealed that evacuated-tube 114 
collectors offer benefits from an environmental perspective. An additional article about 115 
LCA of solar thermal collectors with vacuum tubes is that presented by Lamnatou et al. 116 
(2016), consisting of two parts: 1) literature review, 2) an LCA case study about BIST 117 
systems, based on EE and EC. The review revealed that most of the vacuum-tube/BIST 118 
configurations are about façade-integrated configurations and there are few 119 
environmental LCA studies about vacuum-tube solar thermal collectors.         120 
In relation to the issues mentioned above and by taking into account that: i) In 121 
the frame of sustainable development, vacuum-tube solar thermal collectors and BIST 122 
systems offer environmental benefits (Lamnatou et al., 2015a, 2016), ii) There is a need 123 
for more LCA studies about vacuum-tube BIST based on midpoint/endpoint life-cycle 124 
impact assessment methods as well as in terms of human toxicity and ecotoxicity 125 
(Lamnatou et al., 2015a, 2016), the present work investigates a vacuum-tube BIST 126 
system. The goals of the present study are:  127 
1) Evaluation of environmental issues about the proposed vacuum-tube solar thermal 128 
collectors and the supplementary elements of the system based on midpoint/endpoint 129 
impact categories of ReCiPe method. 130 
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2) Calculation of the impacts related to: i) the consumption of electricity (based on 131 
different electricity mixes: France´s, Spain´s), ii) the substitution of some elements of 132 
the system during the use stage. 133 
3) Estimation of the impacts in relation to different functional units. 134 
4) Assessment of PBTs based on ReCiPe method - Discussion about the PBTs: i) in 135 
comparison to the lifespan of the system, ii) with/without recycling, iii) in relation to 136 
different electricity mixes. 137 
5) Evaluation of environmental issues, about the collectors and the additional elements 138 
of the system, in terms of human toxicity and ecotoxicity, according to USEtox. 139 
6) Assessment of the environmental profile of the proposed system based on recycling 140 
of materials which are energy-intensive and are used in large quantities. 141 
7) Comparisons with the literature: The comparisons include several types of solar 142 
thermal collectors, multiple methods and environmental indicators on the basis of EE, 143 
EC and ReCiPe. 144 
8) Presentation and discussion of critical issues that influence the environmental profile 145 
of BI solar systems: Different parameters such as the type of building integration, the 146 
materials of the storage system, the working fluid and the lifespan of the components 147 
are discussed. 148 
The proposed system consists of materials that are commonly used in the frame 149 
of domestic hot water applications based on solar thermal collectors (Kalogirou, 2009; 150 
Lamnatou et al., 2015a, 2016) and, therefore, the findings of the present work can also 151 
be useful for other studies about similar types of solar thermal collectors for domestic 152 
water heating. 153 
The structure of the present article is following presented: 154 
- MATERIALS AND METHODS 155 
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- RESULTS – DISCUSSION  156 
- METHOD ReCiPe - Material manufacturing: Vacuum-tube collectors and 157 
supplementary elements of the system without recycling  158 
- METHOD ReCiPe – Use stage: The impacts related to the consumption of 159 
electricity 160 
- METHOD ReCiPe - Use stage: The impacts related to the substitutions of 161 
some elements without recycling 162 
- METHOD ReCiPe - The impact per m
2
 of absorber and the impact per kWh of 163 
energy produced with/without recycling 164 
- METHOD ReCiPe – ReCiPe payback times with/without recycling 165 
- METHOD USEtox - Findings in terms of human toxicity and ecotoxicity 166 
with/without recycling  167 
- Comparisons with the literature  168 
- BUILDING-INTEGRATED SOLAR SYSTEMS: ENVIRONMENTAL ISSUES 169 
- CONCLUSIONS 170 
    171 
2. MATERIALS AND METHODS 172 
The LCA study has been conducted according to ISO 14040 (2006), ISO 14044 173 
(2006), by considering: 1) Goal and scope definition, 2) Life-cycle inventory, 3) Life-174 
cycle impact assessment, 4) Interpretation. 175 
2.1. Functional units, boundaries, flows, allocation  176 
With respect to the functional units, the results that are presented in subsections 177 
3.1 and 3.6 refer to one solar unit that includes: 1) 16 vacuum-tube solar thermal 178 
collectors (total absorber surface: 1.8 m
2
), 2) Supplementary elements of the system 179 
(storage tank of 100 l; tubes and their insulation; anti-freezing fluid; pump). In this way, 180 
a picture about the environmental performance of the proposed BIST, as a whole 181 
system, is provided. Moreover, in subsection 3.4 the results are presented per: i) m
2
 of 182 
absorber surface, ii) kWh of thermal energy produced. Different functional units have 183 
been adopted in order to show a complete view of the environmental profile of the 184 
proposed system and, at the same time, to have more results to compare with the 185 
literature (subsection 3.7).  186 
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Regarding life-cycle calculations, the following stages have been taken into 187 
account: i) Manufacturing of the materials: Materials of the vacuum-tube solar thermal 188 
collectors and materials of the supplementary elements of the system; ii) Manufacturing 189 
of the vacuum-tube solar thermal collectors; iii) Installation: Inputs during the 190 
installation of the vacuum-tube solar thermal collectors and the supplementary elements 191 
of the system; iv) Use stage and maintenance: General maintenance and substitution of 192 
some elements during the use stage; v) Transportation of the materials according to the 193 
following routes: Factory gate  building  disposal site; vi) Disposal: End-of-life of 194 
the materials associated with the life-cycle of the system. In Figure 1, a schematic with 195 
the stages mentioned above, is presented. 196 
 197 
Figure 1. Present LCA study: Schematic of all the stages.  198 
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In order to focus on the effect of the materials, some graphs present results only 199 
for the manufacturing of the materials. Processes that are directly associated with 200 
manufacturing, use stage and disposal have been taken into account. The flows include 201 
acquisition of the raw materials/resources.  202 
Allocation has been included. Allocation is defined as partitioning the flows 203 
related to the input or output of a process or a product system between the product 204 
system that is under study and one or more other product systems (ISO 14044, 2006). In 205 
the frame of the present LCA, in all the cases, the option «allocation, default - unit» has 206 
been adopted.  207 
2.2. Inputs, outputs, assumptions, scenarios, life-cycle inventory, methods  208 
2.2.1. Inputs and outputs 209 
The system consists of vacuum-tube solar thermal collectors for domestic hot 210 
water heating. The collectors are integrated into the building gutters (Figure 2a). The 211 
system has two functions: 1) Production of hot water for building energy needs, 2) 212 
Rainwater evacuation. The vacuum-tubes are connected with the gutter by means of 213 
specific components. The collectors are composted by main and concentric tubes. Each 214 
main tube (Figure 2b) has two concentric copper tubes which keep the vacuum of the 215 
main tube. The heat transfer fluid enters from the larger copper tube and comes out from 216 
the smaller copper tube. There are 8 rows of 2 tubes inside the gutter (total length: 16 217 
m). The system has been patented by Cristofari (2006). In Table 1, details about the 218 
inputs/outputs are presented. The system is appropriate for water heating in the building 219 
sector and has been tested under the Mediterranean climatic conditions of Ajaccio, in 220 
France.   221 
222 
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a)                                     b) 223 
   224 
Figure 2. a) The BIST system (gutter-integrated) based on vacuum-tube solar thermal 225 
collectors, b) Details about the vacuum tubes (Source: Lamnatou et al., 2016). 226 
 227 
Table 1. Inputs/outputs of the BIST vacuum-tube system. Climatic conditions: Ajaccio, 228 
France. 229 
Annual output in 
terms of thermal 
energy (kWh/year) 
Annual electricity 
consumption (input)  
for pumping (kWh/year) 
Annual electricity consumption 
(input) for auxiliary heating 
(kWh/year) 
1693.92 48.76 370.02 
 230 
2.2.2. Assumptions, scenarios, life-cycle inventory, methods 231 
The assumptions about general maintenance, manufacturing of the vacuum-tube 232 
solar thermal collectors, installation and transportation (total distance: 50 km) are based 233 
on the LCA study by Lamnatou et al. (2016). In Table 2, details about some additional 234 
assumptions and scenarios are presented. In Table 3, information about the substitution 235 
of some elements during the use stage can be found. In Table 4, the life-cycle inventory 236 
(Sources: SimaPro; ecoinvent) is given.      237 
Table 2. Assumptions and scenarios.  238 




Scenarios in terms of the lifespan of the proposed 
system 
20-year (pessimistic scenario) vs. 30-year 
(optimistic scenario) lifespan 
Kalogirou (2009); 
Lamnatou et al., 
(2016) 
 
Assumption in terms of the lifespan output (hot 
water production) of the proposed system 
The output of the first year is the same with 
the output of the last year 
Lamnatou et al. 
(2018a) 
 
Scenarios in terms of the disposal (end-of-life) 
 
Two scenarios: i) Landfill for all the 
materials and use of primary materials 
(scenario «without recycling»), ii) Recycling 
of glass, metals, plastics and landfill for the 
other materials (scenario «with recycling») 
 
 
Lamnatou et al. 
(2018a); Lamnatou et 
al. (2016) 
Assumption: Use of an electric-resistance water 
heater with an efficiency of 95% and France´s 
electricity mix 
  
Environmental impact that is prevented 
because of the utilisation of the energy 
produced by the solar thermal system 
(instead of using a conventional water 
heating system in order to produce the same 
Reference for the 
electric-resistance 
water heater: Smarter 
HOUSE; References 
for the electricity 
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amount of energy) mix: SimaPro; 
ecoinvent; In the 
literature electric 
auxiliary heaters for 
domestic solar 
thermal collectors 
have been adopted, 
for instance by 
Kalogirou (2009) and 
Hang et al. (2012)  
 
Scenarios in terms of the electricity mixes: Two 
different electricity mixes have been examined 
because some environmental indicators are 
remarkably influenced by the electricity mix of a 
country 
 
France´s and Spain´s electricity mixes have 
been examined; The scenario of Spain´s 
electricity mix is theoretical since the 
proposed system has been developed and 




Table 3. Substitutions of some elements during the use stage. Scenarios in terms of 240 
system lifespan: i) 30 years, ii) 20 years.   241 
Elements that are replaced  30-year lifespan:  
Times of replacement 
20-year lifespan:  
Times of replacement 
Glass of the vacuum tubes 2 1 
Copper of the vacuum tubes 2 1 
Aluminium of the vacuum tubes 2 1 
Polyethylene of the collectors 6 4 
Rock wool of the storage tank 1 1 
Stainless steel of the storage tank 1 1 
Propylene glycol (anti-freezing fluid) 5 3 
 242 
 243 
Table 4. Life-cycle inventory for the whole system (16 solar thermal collectors and 244 
additional components of the system): Lamnatou et al. (2016). 245 
Materials of the 16  solar thermal collectors 
 
Mass (kg) 
Vacuum tubes  (material: glass) 
 
20.23 
Flat-plate absorber  (material: aluminium) 
 
1.88 
Support of the absorber  (material: aluminium)  
 
0.03 
External tube/vacuum tube  (material: copper) 
 
4.50 
Internal tube/vacuum tube (material: copper) 
 
2.25 
Collector in the gutters  (material: copper) 
 
7.88 
Collector insulation  (material: polyethylene) 
  
1.14 
External case/gutter  (material: aluminium) 
 
10.58 
Gutter lacquer (material: polyester) 
 
0.15 




Storage tank: metallic part 
(material: stainless steel) 
 
 12.48 
Storage tank: insulation  
(material: rock wool) 
 
  4.08 
Tubes: metallic part 
(material: copper) 
 
  5.64 
Tubes: insulation  
(material: polyurethane) 
  1.80 
  
Anti-freezing fluid  
(material: propylene glycol) 
  1.40       





With respect to the methods, «ReCiPe Endpoint (H) V1.10 / Europe ReCiPe 248 
H/A» and «ReCiPe Midpoint (H) V1.10 / Europe Recipe H» have been adopted 249 
(Sources: SimaPro; ecoinvent). In addition, ReCiPe Payback Time (ReCiPe PBT) 250 
(Lamnatou et al., 2017) has been evaluated: 251 









                                    (1) 252 
Where I is the total ReCiPe endpoint single-score (in Pts) in terms of: Imat that is 253 
the impact during the manufacturing of the materials (collectors; supplementary 254 
elements of the system) and manufacturing of the collectors; the impact associated with 255 
installation (Iinst), transportation (Itransp) and disposal (Idisp); the impact that is prevented 256 
(on an annual basis) due to the use of the thermal energy that is produced by the solar 257 
thermal system instead of using electricity from the national grid in order to produce the 258 
same amount of thermal energy by means of an electric-resistance water heater (Iout.a); 259 
the impact (on an annual basis) during the use stage (IO&M.a), in this case the inputs for 260 
the substitutions of some elements of the system and the general maintenance have been 261 
taken into account (on an annual basis). In the literature, ReCiPe PBT has been adopted 262 
for instance by Akyüz et al. (2017). Moreover, in the same concept, EI99 PBT has been 263 
evaluated by Jungbluth (2005). 264 
ReCiPe method has been used because it combines midpoint and endpoint 265 
impact categories, giving useful information for multiple issues such as: 1) climate 266 
change, ozone depletion, freshwater eutrophication, human toxicity and fossil depletion 267 
(midpoint level), 2) human health, ecosystems and resources (endpoint level). In the 268 
literature, ReCiPe method has been adopted in order to evaluate the environmental 269 
Pump: metallic part  
(material: stainless steel) 
  3.00 
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sustainability of BIST systems (Lamnatou et al., 2017, 2018b), proving the usefulness 270 
of this method in the frame of energy production and sustainable development.      271 
USEtox (default) V1.03 / Europe 2004 method has also been adopted in order to 272 
evaluate the impacts related to human toxicity and ecotoxicity. In the literature, USEtox 273 
has been used in the frame of LCA on BIST systems (Lamnatou et al., 2018b). In the 274 
work of Rosenbaum et al. (2011), details about USEtox human exposure and toxicity 275 
factors for comparative assessment of toxic emissions in LCA can be found. 276 
The sources for the methods mentioned above and for the life-cycle inventory 277 
are the following: SimaPro 8, ecoinvent 3. SimaPro is a software which contains a 278 
number of life-cycle impact assessment methods that are utilised in order to calculate 279 
impact assessment results (PRé, 2014). Ecoinvent is a comprehensive, transparent and 280 
international database with multiple life-cycle inventory datasets (Source: ecoinvent).  281 
3. RESULTS – DISCUSSION  282 
3.1. METHOD ReCiPe - Material manufacturing: Vacuum-tube collectors and 283 
supplementary elements of the system without recycling  284 
3.1.1. ReCiPe endpoint approach – single score 285 
In Figure 3, ReCiPe endpoint/single-score findings are presented. Figure 3a is 286 
about the material manufacturing of the vacuum-tube collectors. Figure 3b refers to the 287 
material manufacturing of the supplementary elements of the system. The results show 288 
that: 289 
1) In both cases (collectors; supplementary elements of the system) copper is the 290 
material with the highest scores. By taking into account the results of both cases, copper 291 
shows a total score of 205 Pts, including the three endpoint categories of ReCiPe 292 
(Human health, Ecosystems and Resources). The value of 205 Pts is remarkably higher 293 
than the total scores of the other materials which range from 0.04 to 20 Pts. Moreover, 294 
aluminium and stainless steel present the second and third highest impact with total 295 
scores of 20 and 17 Pts, respectively.       296 
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2) By taking into account all the studied cases of Figure 3, it can be noticed that the 297 
endpoint category of Ecosystems presents considerably lower impact in comparison to 298 
the categories of Human health and Resources. These differences are particularly 299 
pronounced in the case of copper, ranging from 10 to 39 Pts.  300 
3) The materials polyester, polyethylene, glass, propylene glycol, polyurethane and rock 301 
wool present total scores, including the three endpoint categories of ReCiPe (Human 302 
health, Ecosystems and Resources), which range from 0.04 Pts (polyester) to 2.03 Pts 303 
























Figure 3. ReCiPe endpoint single-score. Material manufacturing of: a) the 16 vacuum-327 
tube collectors, b) the supplementary elements of the system. Scenario «without 328 
recycling».  329 
 330 
3.1.2. ReCiPe endpoint approach – with characterisation  331 
Based on ReCiPe endpoint with characterisation, Figures 4 and 5 show the 332 
results in terms of DALY and (species.yr), respectively. Figures 4a and 5a refer to the 333 
material manufacturing of the 16 vacuum-tube collectors. Figures 4b and 5b are about 334 
the supplementary elements of the system.  335 
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Figure 4 shows that copper is responsible for the highest DALY with a total 336 
value of 0.005 DALY for both the collectors and the additional components of the 337 
system. Aluminium and stainless steel present the second and third highest DALY with 338 
total values of 0.0005 and 0.0002 DALY, respectively. In addition, from Figure 5 it can 339 
be seen that copper and aluminium are the materials with the highest impacts in terms of 340 
(species.yr) with a total value of 1.7E-06 (species.yr) for each material (copper; 341 
aluminium) by considering both the collectors and the supplementary elements of the 342 
system. The other materials (except of aluminium, copper and stainless steel) present 343 
total values ranging from 6.0E-07 (polyester) to 4.6E-05 (glass) DALY (Figure 4) and 344 







Figure 4. ReCiPe endpoint with characterisation (DALY). Material manufacturing of: 351 
a) the 16 vacuum-tube collectors, b) the supplementary elements of the system. Scenario 352 









Figure 5. ReCiPe endpoint with characterisation (species.yr). Material manufacturing 361 
of: a) the 16 vacuum-tube collectors, b) the supplementary elements of the system. 362 
Scenario «without recycling». 363 
 364 
3.1.3. Discussion about ReCiPe/endpoint results and the role of recycling 365 
The findings according to ReCiPe endpoint single-score «with characterisation», 366 
demonstrate that copper, aluminium and stainless steel are the materials with the highest 367 
scores. In the case of copper, the impact is mainly related to copper concentrate for the 368 
production of primary copper. Concerning aluminium, its impact is mainly associated 369 
with the following inputs: electricity, medium as well as high voltage, for the 370 
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production of liquid aluminium and, then, primary aluminium. In terms of steel, the 371 
major part of its impact is because of the production of ferrochromium and ferronickel 372 
(Sources: SimaPro; ecoinvent).  373 
Figures 3-5 are based on primary materials. By means of recycling of the metals, 374 
considerable reduction of the environmental impact of the system can be achieved.  375 
In the literature, different techniques for aluminium, copper and steel recycling 376 
have been examined (Samuelsson and Björkman, 2014; Soo et al., 2018). By placing 377 
emphasis on the use of aluminium and steel in the building sector, Meneghelli (2018) 378 
noted that these two materials are extensively adopted in buildings and the CO2 379 
emissions during manufacturing include environmental impacts that should be taken 380 
into account as a part of the EC of the whole building.  381 
In the frame of the present study, for the end-of-life and based on ReCiPe 382 
endpoint single-score, calculations which include recycling of glass, metals and plastics 383 
have been conducted. The calculations include both scenarios 30-year and 20-year 384 
lifespan. The results reveal that aluminium, copper and stainless steel are the materials 385 
with the first (58-59%), second (17-19%) and third (16-18%) highest contributions to 386 
the reduction in the impact due to recycling.  387 
In addition, the benefits of recycling have been examined according to ReCiPe 388 
midpoint with characterisation. The results verify the considerable reduction in the total 389 
impact, mainly due to the recycling of the metals. More analytically, based on ReCiPe 390 
midpoint with characterisation, aluminium recycling shows contributions with 391 
percentages more than 51% in all the midpoint categories except of Metal depletion. 392 
Moreover, copper and stainless steel present percentages ranging from 25% to 54% for 393 
the categories of Ozone depletion and Metal depletion.  394 
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The scenario «with recycling» has been investigated because the proposed 395 
system, and in general many types of solar thermal collectors for domestic applications, 396 
consist of large amounts of metals. This means that these types of systems present high 397 
recycling potential. Therefore, the scenario «without recycling» has been examined in 398 
order to compare two extreme cases, with/without recycling, and highlight the 399 
environmental benefits of recycling in the case of solar thermal collectors for domestic 400 
applications.    401 
3.1.4. ReCiPe midpoint approach with characterisation: Results and discussion 402 
 Subsection 3.1.4 presents results based on ReCiPe midpoint with 403 
characterisation. In Table 5 (and in Table 6) the parts of the 16 vacuum-tube collectors 404 
and the supplementary elements of the system that according to ReCiPe endpoint 405 
single-score show total scores more than 2 Pts have been included. The results are 406 
presented as total values for each material. In Table 5 (and in Table 6) «stainless steel» 407 
represents the steel of the storage tank and the pump, «copper» refers to the vacuum-408 
tube collectors (external/internal tubes and gutter) and the tubes of the supplementary 409 
elements of the system, «aluminium» represents the flat-plate absorber as well as the 410 
external case of the gutter, «glass» refers to the glass of the vacuum tubes of the 411 
collectors. The findings of Table 5 (and those of Table 6) are based on the scenario 412 
«without recycling».  413 
Copper has the highest impact in 15 out of the 18 midpoint categories. 414 
Furthermore, for the categories of Freshwater eutrophication, Marine Eutrophication, 415 
Human toxicity, Freshwater ecotoxicity, Marine ecotoxicity and Metal depletion, 416 
copper presents percentages higher than 91% of the total impact that includes glass, 417 
aluminium, copper and stainless steel. Moreover, the results verify that in terms of 418 
Terrestrial acidification, Photochemical oxidant formation, Particulate matter formation, 419 
Terrestrial ecotoxicity, Urban land occupation and Natural land transformation, copper 420 
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shows percentages ranging from 54% to 78%. By considering that ReCiPe method 421 
includes connections between midpoint and endpoint categories (PRé, 2014), it can be 422 
seen that most of the midpoint categories cited above in the analysis of copper impact, 423 
at endpoint level are related to damages to ecosystems and human health.  424 
Aluminium presents the highest impact for the categories of Climate change, 425 
Ozone depletion and Fossil depletion with percentages ranging from 38% to 50% of the 426 
total impact that includes glass, aluminium, copper and stainless steel.  427 
Discussion in terms of each midpoint category (Tables 5 and 6): 428 
- Climate change: Aluminium shows almost double impact in comparison to copper. 429 
- Ozone depletion: The score of aluminium is a little higher than the one of copper. 430 
- Terrestrial acidification: Copper presents 0.9 kg SO2 eq higher impact in comparison 431 
to aluminium.  432 
- Freshwater eutrophication: Copper shows a score which is around 30 times higher 433 
comparing to that of aluminium. 434 
- Marine eutrophication: Copper presents an impact about 4.5 kg N eq higher than the 435 
one of aluminium. 436 
- Human toxicity: Copper shows a score which is approximately 56 times higher than 437 
that of aluminium. 438 
- Photochemical oxidant formation: Copper has almost double impact in comparison to 439 
aluminium. 440 
- Particulate matter formation: Copper presents an impact which is around 3 times that 441 
of aluminium. 442 
- Terrestrial ecotoxicity: The score of copper is around 0.04 kg 1,4-DB eq higher 443 
comparing to that of aluminium. 444 
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- Freshwater ecotoxicity: The impact of copper is about 40 times higher in comparison 445 
to that of aluminium.  446 
- Marine ecotoxicity: Copper shows a score which is approximately 37 times higher 447 
comparing to that of aluminium. 448 
- Ionising radiation: The impact of copper is almost double of that of aluminium.  449 
- Agricultural land occupation: Copper presents around 4 m
2
a higher score than 450 
aluminium. 451 
- Urban land occupation: Copper shows about 10 m
2
a higher score in comparison to 452 
aluminium.   453 
- Natural land transformation: The value of copper is double than that of aluminium.    454 
- Water depletion: Copper presents approximately 444 m
3
 more than aluminium. 455 
- Metal depletion: Copper shows a score that is around 537 times higher than that of 456 
aluminium.  457 
- Fossil depletion: Aluminium presents about 15 kg oil eq higher than copper. 458 
 459 
Table 5. ReCiPe midpoint with characterisation: Components of the BIST system based 460 







GLASS ALUMINIUM  COPPER STAINLESS 
STEEL 




eq 1.5E-06 6.5E-06 6.4E-06 2.8E-06 
Terrestrial 
acidification kg SO2 eq 0.17 1.43 2.33 0.40 
Freshwater 
eutrophication kg P eq 0.003 0.12 3.59 0.02 
Marine 
eutrophication kg N eq 0.01 0.04 4.56 0.01 
Human toxicity kg 1,4-DB eq 3.45 110.06 6128.75 55.45 
Photochemical 
oxidant 
formation kg NMVOC 0.11 0.72 1.59 0.26 
Particulate 
matter 
formation kg PM10 eq 0.05 0.64 1.85 0.35 
Terrestrial 
ecotoxicity kg 1,4-DB eq 0.001 0.01 0.05 0.02 
Freshwater 
ecotoxicity kg 1,4-DB eq 0.09 2.99 120.26 5.97 
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Marine 
ecotoxicity kg 1,4-DB eq 0.09 2.93 109.87 6.15 
Ionising 

















 26.94 1820.78 2264.98 1762.12 
Metal 
depletion kg Fe eq 2.35 4.03 2163.73 205.08 
Fossil 
depletion kg oil eq 5.61 46.61 31.44 16.59 
 462 
Table 6. Based on the results presented in Table 5, the material with the highest impact 463 







GLASS ALUMINIUM  COPPER STAINLESS 
STEEL 




eq  X   
Terrestrial 
acidification kg SO2 eq   X  
Freshwater 
eutrophication kg P eq   X  
Marine 
eutrophication kg N eq   X  
Human toxicity kg 1,4-DB eq   X  
Photochemical 
oxidant 
formation kg NMVOC   X  
Particulate 
matter 
formation kg PM10 eq   X  
Terrestrial 
ecotoxicity kg 1,4-DB eq   X  
Freshwater 
ecotoxicity kg 1,4-DB eq   X  
Marine 
ecotoxicity kg 1,4-DB eq   X  
Ionising 

















   X  
Metal 
depletion kg Fe eq   X  
Fossil 
depletion kg oil eq  X   
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3.2. METHOD ReCiPe – Use stage: The impacts related to the consumption of 465 
electricity 466 
 In Figure 6, ReCiPe endpoint/single-score impacts (in Pts) associated with 467 
pumping (Figure 6a) and auxiliary heating (Figure 6b) are illustrated. From Figure 6 it 468 
can be noted that there is a remarkable difference between France´s and Spain´s 469 
scenario, especially for Human health and Resources. More analytically, the 470 
hypothetical scenario based on Spain´s electricity mix shows 1.59 and 12.08 Pts higher 471 
impact, for pumping and auxiliary heating respectively, in comparison to the case of 472 
France´s electricity mix. These findings can be interpreted based on the characteristics 473 
of the electricity mixes of Spain and France. In Spain (year: 2017), the coverage of the 474 
peninsular electricity demand included the following sources of energy: 21.5% nuclear, 475 
17.0% carbon, 13.9% combined cycle, 11.0% cogeneration, 1.2% waste, 18.2% wind 476 
power, 7.0% hydraulic power, 3.1% Photovoltaic (PV) systems, 2.1% solar thermal 477 
systems, 1.4% other renewable energy sources, 3.6% international exchanges (Source: 478 
El Sistema Eléctrico Español, AVANCE, 2017). Regarding France (year: 2017), the 479 
total electricity production included 71.6% nuclear, 10.3% fossil fuel (thermal), 4.5% 480 
wind power, 1.7% solar energy, 10.1% hydraulic power, 1.7% bioenergy (Source: 481 
Réseau de Transport d'Électricité (RTE), France, 2017).  482 
Based on the data presented above, it can be seen that there are substantial 483 
differences between the compositions of the two electricity mixes. Especially in terms 484 
of nuclear energy, in Spain the percentage is 21.5% whereas in France the percentage is 485 
71.6%. The high penetration of nuclear energy in French electricity generation mix 486 
influences some environmental indicators. It is known that nuclear energy has low 487 
greenhouse-gas emissions; however, there are drawbacks such as concerns about the 488 
availability of uranium in the future, management and disposal of the waste that is 489 
produced and safety in case of potential accidents (Report NEEDS, 2007). More 490 
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analytically, in the report NEEDS (2007), the following weak points/barriers of nuclear 491 
development were presented: 1) Risk of severe accidents, 2) Waste management, 3) 492 
Potential risk of proliferation, 4) Financial risks, 5) Controversial social acceptability.   493 
In subsection 3.7, an additional discussion about the effect of the electricity 494 
generation mix, in relation to some environmental indicators, is provided.  495 
a)  496 
 497 
b)  498 
 499 
Figure 6. ReCiPe (endpoint, single-score) for: a) Pumping, b) Auxiliary heating. 500 
France´s electricity mix and Spain´s electricity mix (hypothetical scenario).          501 
 502 
3.3. METHOD ReCiPe - Use stage: The impacts related to the substitutions of 503 
some elements without recycling 504 
 Figure 7 presents the scores related to the replacements of some materials during 505 
the use stage, in terms of Pts (Figure 7a), DALY (Figure 7b) and (species.yr) (Figure 506 
7c). The calculations are for the scenario «without recycling». The findings reveal that: 507 
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1) In all the cases (Pts; DALY; species.yr), copper is the material with the highest 508 
impacts. Especially based on Pts and DALY, there is a considerable difference between 509 
the scores of copper and those of the other materials.  510 
2) With respect to (species.yr), copper, aluminium and stainless steel are the materials 511 
with the three highest impacts.  512 
3) By focusing on the lifespan effect, in certain cases there are remarkable differences 513 
between the two scenarios of 30-year and 20-year lifespan. For instance, based on Pts 514 
and DALY, the more pronounced difference between the two lifespans can be seen in 515 









  524 
Figure 7. Results according to: a) ReCiPe endpoint single-score (Pts), b) ReCiPe 525 
endpoint with characterisation (DALY), c) ReCiPe endpoint with characterisation 526 
(species.yr). Replacements of some materials during the use stage: 30-year and 20-year 527 
lifespan. Scenario «without recycling».           528 
 529 
3.4. METHOD ReCiPe - The impact per m
2
 of absorber and the impact per kWh 530 
of energy produced with/without recycling 531 
 By taking into account only the manufacturing of the materials of the collectors 532 
and the manufacturing of the collectors, and based on ReCiPe endpoint/single-score and 533 
the scenario «without recycling», an impact of 121 Pts per m
2
 of absorber was found.   534 
In addition, calculations about the life-cycle impact per m
2
 of absorber and per 535 
kWh of thermal energy produced have been done. ReCiPe endpoint single-score and 536 
scenarios with/without recycling have been adopted. The following life-cycle stages 537 
have been taken into account: 538 
- Manufacturing of the materials of the collectors and manufacturing of the collectors. 539 
- Manufacturing of the additional components of the system. 540 
- Transportation. 541 
- Installation. 542 
- Disposal. 543 
- Operation and maintenance, except of pumping and auxiliary heating.  544 
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In Table 7, the results are presented. It can be seen that:  545 




2) Recycling offers an impact reduction of 0.001 Pts/kWh and 22-25 Pts/m
2
. 548 
3) There is a difference of around 0.002 Pts/kWh and 40-43 Pts/m
2
 between the 20-year 549 
and the 30-year lifespan.   550 
Table 7. ReCiPe endpoint single-score life-cycle impacts (in Pts) per kWh of produced 551 
thermal energy and per m
2
 of absorber.  552 






Impact reduction due 
to recycling 
20 years 0.012 Pts/kWh 0.011 Pts/kWh 0.001 Pts/kWh 
30 years 0.010 Pts/kWh 0.009 Pts/kWh 0.001 Pts/kWh 














     553 
3.5. METHOD ReCiPe – ReCiPe payback times with/without recycling 554 
 ReCiPe PBTs according to different scenarios (France´s and Spain´s electricity 555 
mix; With/without recycling) have been evaluated. For the calculation of the impacts 556 
related to transportation, disposal and the annual inputs during the use stage, the 557 
scenario of 30-year lifespan has been taken into account. For the evaluation of the 558 
annual impact during the use stage, the inputs for the substitutions of some elements and 559 
the general maintenance have been taken into account, having as reference an annual 560 
basis. ReCiPe PBT is: i) an alternative PBT beyond the classic PBTs which place 561 
emphasis on primary energy (EPBT) and GHGs (GPBT), ii) based on the total single-562 
score (endpoint) in Pts. In the same way with EPBT and GPBT, the lower the ReCiPe 563 
PBT the faster the system will offset the environment impact associated with its life-564 
cycle.   565 
The findings (Figure 8) reveal that: 1) Recycling results in ReCiPe-PBT 566 
reduction of 2.66 and 0.59 years in the case of France and Spain, respectively, 2) There 567 
is a considerable reduction (around 12-14 years) in ReCiPe PBT by adopting Spain´s 568 
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instead France´s electricity mix. More analytically, for the scenario «without recycling», 569 
ReCiPe PBT is 18.14 years in the case of France and 4.03 years in the case of Spain.  570 
By assuming a system lifespan of 30 years (optimistic scenario), it can be seen 571 
that: 1) In both cases (France; Spain), ReCiPe PBTs are much lower than the lifespan of 572 
the system, 2) The hypothetical scenario based on Spain´s electricity mix offers a 573 
ReCiPe PBT around 26 years lower than the lifespan of the system (scenario «without 574 
recycling»), 3) The scenario according to French electricity mix presents a ReCiPe PBT 575 
around 12 years lower than the lifespan of the system (scenario «without recycling»). 576 
Certainly, these considerable differences between the two cases (Spain; France) are 577 
mainly related to the characteristics of the two electricity mixes that have been 578 
analytically presented and discussed in subsection 3.2. In subsection 3.7, an additional 579 
discussion about this issue is provided. 580 
 581 
 582 
Figure 8. ReCiPe PBT in years. Cases: With/without recycling; France´s electricity mix 583 
and Spain´s electricity mix (hypothetical scenario).  584 
 585 
3.6. METHOD USEtox - Findings in terms of human toxicity and ecotoxicity 586 
with/without recycling  587 
 Figures 9 and 10 present the USEtox results in terms of material 588 
manufacturing/scenario «without recycling» for the 16 vacuum-tube collectors and the 589 
additional elements of the system, respectively. From these figures it can be noted that: 590 
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1) Concerning human toxicity cancer and non-cancer of the collectors (Figure 9a), the 591 
aluminium for the external case of the gutter and the copper for the collector in the 592 
gutter and for the external tubes of the vacuum tubes are the parts of the collectors with 593 
the three highest impacts.  594 
2) Regarding ecotoxicity of the collectors (Figure 9b), the three copper-based 595 
components show the three highest scores with values ranging from 0.23 to 0.80 CTUe.  596 
3) With respect to human toxicity/cancer of the additional elements of the system 597 
(Figure 10a), the stainless steel for the storage tank, the propylene glycol and the copper 598 
for the tubes are the components with the three highest impacts. Furthermore, the 599 
findings about human toxicity/non-cancer (Figure 10b) reveal that the propylene glycol 600 
is the material with the highest score, presenting a value of 4.0E-08 CTUh, considerably 601 
higher in comparison to the other materials.     602 
4) Concerning ecotoxicity of the additional elements of the system (Figure 10b), the 603 
three highest scores are the following: copper for the tubes, rock wool for the insulation 604 
of the storage tank and stainless steel for the storage tank, showing values which range 605 
from 0.28 to 0.57 CTUe. 606 
5) By taking into account both the collectors and the additional elements of the system 607 
(Figures 9 and 10), it can be seen that the material with the highest score in terms of: i) 608 
human toxicity/cancer is copper (total score: 6.7E-09 CTUh), ii) human toxicity non-609 
cancer is propylene glycol (total score: 4.0E-08 CTUh), iii) ecotoxicity is copper (total 610 
score: 2.06 CTUe).   611 
 The findings presented above (Figures 9 and 10) are based on the use of primary 612 
materials during material manufacturing. For the disposal and by taking into account the 613 
materials of the collectors, the additional elements of the system as well as the materials 614 
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that are replaced over system lifespan, calculations which include recycling of glass, 615 
metals and plastics have been conducted. With respect to system lifespan, two 616 
scenarios, 30-year and 20-year lifespan, have been examined. According to USEtox, the 617 
results demonstrate that by adopting recycling of aluminium, copper and steel, a 618 
considerable reduction in the environmental impact can be achieved. By placing 619 
emphasis on the impact reduction in each of the three impact categories of USEtox 620 
(human health/cancer, human health/non-cancer, ecotoxicity), the findings verify that 621 
there is a decrease in the impact which ranges from 20% to 95%, depending on the type 622 






b)  628 
Figure 9. USEtox. Material manufacturing of the 16 vacuum-tube collectors in terms 629 
of: a) Human toxicity (cancer and non-cancer), b) Ecotoxicity. Scenario «without 630 






















Figure 10. USEtox. Material manufacturing of the supplementary elements of the 652 
system in terms of: a) Human toxicity (cancer and non-cancer), b) Ecotoxicity. Scenario 653 
«without recycling». 654 
          655 
3.7. Comparisons with the literature  656 
 In Table 8 the findings of the present study are compared with the literature and 657 
it can be noted that, in some cases, there is quite good agreement. For example, in the 658 
report IEA (2010) a global energy requirement of 1.71 GJ and a GWP of 101.2 kg 659 
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CO2.eq (functional unit: 1 m
2
 of evacuated-tube collector) were found. The present 660 
system, based on EE and EC, by taking into account only the impact of the 661 
manufacturing of the vacuum-tube collectors, shows: i) 2.44 (without recycling) and 662 
0.46 (with recycling) GJprim per m
2
 of absorber, ii) 146.98 (without recycling) and 22.45 663 
(with recycling) kg CO2.eq per m
2
 of absorber. The cases with recycling mentioned 664 
above include the following materials: glass, aluminium, copper (Lamnatou et al., 665 
2016). Regarding GPBTs of evacuated-tube collectors, one of the cases studied by Hang 666 
et al. (2012) presented a value of around 0.1 years. The present system shows GPBTs 667 
(equation based on material manufacturing of the vacuum-tube collectors) 0.5 years for 668 
the scenario «without recycling» and 0.1 years for the scenario «with recycling» 669 
(Lamnatou et al., 2016).  670 
Regarding ReCiPe PBT, in the literature there is a study about a BI 671 
concentrating  PV configuration for different cities (Barcelona, Seville, London, 672 
Aberdeen, Marseille, Paris) and electricity mixes (Lamnatou et al., 2017). In the case of 673 
the system mentioned above, the studied French cities (scenario: without material 674 
replacement) presented the following ReCiPe PBTs: 29.58 years the city of Paris and 675 
16.52 years the city of Marseille. For the other studied cities (Spain: Barcelona, Seville; 676 
UK: London, Aberdeen) and for the scenario «without material replacement», ReCiPe 677 
PBTs ranged from 3.76 to 4.53 years (Lamnatou et al., 2017). This reference has been 678 
cited since in the literature there are no studies about ReCiPe PBT of solar thermal 679 
collectors which include comparisons between French and Spanish cities/electricity 680 
mixes. Certainly, the two systems (system of the present article vs. system investigated 681 
by Lamnatou et al. (2017)) have different functionalities: The system of the present 682 
work produces thermal energy based on vacuum-tube solar thermal collectors whereas 683 
the system that has been evaluated by Lamnatou et al. (2017) produces electricity based 684 
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on concentrating PVs. Therefore, a direct comparison between these two systems is not 685 
possible. Nevertheless, in both cases ReCiPe PBTs show similar tendencies, i.e. high 686 
values for the studied French cities and considerably lower values for the studied 687 
Spanish cities. Related to the findings mentioned above, in the article by Lamnatou et 688 
al. (2017) there is a discussion: The high ReCiPe PBTs of the studied French cities are 689 
related to the low avoided ReCiPe impact (Iout.a: Equation 1) due to the distinctive 690 
features of the French electricity mix (high penetration of nuclear energy, low CO2 691 
emissions, etc.: Source: Réseau de Transport d'Électricité (RTE), France, 2017).       692 
In addition, based on the investigation by Lamnatou et al. (2018b) about BIST 693 
LCA according to ReCiPe endpoint approach/single-score, the life-cycle impacts were 694 
calculated to be 0.017 and 0.014 Pts per kWh of thermal energy produced, in the case 695 
«without recycling» and «with recycling», respectively. The values mentioned above 696 
are for the following case: flat-plate gutter-integrated collectors, including aluminium 697 
gutter, option without PCM. In the present work (Table 8) this impact ranges from 698 
0.009 to 0.012 Pts per kWh of thermal energy produced, depending on the scenario. It 699 
should be highlighted that the present solar thermal system is based on vacuum-tube 700 
technology whereas the solar thermal system that has been investigated by Lamnatou et 701 
al. (2018b) consists of flat-plate collectors.   702 
From Table 8 it can be noted that, in the literature, some studies compare flat-703 
plate with evacuated-tube solar thermal collectors. One of these works is that presented 704 
by Hoffmann et al. (2014). It was noted that, from an environmental perspective, the 705 
evacuated-tube collectors are the best choice.     706 
707 
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Table 8. Comparisons between the present results and the literature (mainly in terms of 708 
evacuated-tube solar thermal collectors).  709 


















ReCiPe PBTs (without inputs for pumping/auxiliary heating; 
Reference: 30-year lifespan):  
18.14 years (France´s electricity mix; WITHOUT recycling) 
15.48 years (France´s electricity mix; WITH recycling) 
4.03 years (theoretical scenario: Spain´s electricity mix; WITHOUT 
recycling) 
3.44 years (theoretical scenario: Spain´s electricity mix; WITH recycling)  
 
ReCiPe endpoint single-score: 
0.010 and 0.012 Pts/kWh for 30-year and 20-year lifespan, respectively 
(WITHOUT recycling)  
0.009 and 0.011 Pts/kWh for 30-year and 20-year lifespan, respectively 












vs. a similar 
system with 
flat-plate 
collectors   




Results for the vacuum-tube system: 
 
EPBTs:  
0.5 years (WITHOUT recycling), 0.1 years (WITH recycling) 
 
GPBTs (equation based on material manufacturing of the 
collectors):  




2 (WITHOUT recycling), 0.46 GJprim/m








Approximately 0.01 kg CO2.eq/kWh (20-year output; EC only for material 














EPBTs (system with an evacuated-tube collector of 8.2 m2):  
1.7 years (based mainly on primary metals), 1.3 years (based on 
secondary metals)   
 
With respect to climatic and environmental performances, evaluated by 
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GPBTs (different scenarios for evacuated-tube collectors were 
examined):  










EE; EPBT; Net 
energy ratio 
EPBT (scenario: Lavagh, Co Sligo): 














101.2 kg CO2.eq 
 
Functional unit: 1 m2 of evacuated-tube collector 
710 
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4. BUILDING-INTEGRATED SOLAR SYSTEMS: ENVIRONMENTAL ISSUES 711 
 Based on the findings of the present study as well as based on the literature, in 712 
the present section critical parameters that influence the environmental profile of BI 713 
solar systems are presented and discussed.  714 
Some materials that are related to a façade, a wall, etc., and are part of a BI solar 715 
system can considerably affect the environmental performance of the whole BI solar 716 
installation. For instance, the BIST system that has been studied in the present article 717 
includes the gutter, a component that could also be considered as element of the 718 
building, and not as part of the solar system. In the frame of the present LCA study, the 719 
gutter has been included in order to provide a complete picture about the environmental 720 
performance of the proposed BIST system since the basic material of the gutter is 721 
aluminium, i.e. an energy-intensive material with high environmental impact (primary 722 
aluminium) (Sources: SimaPro; ecoinvent).  723 
Towards the development of sustainable products, there are studies that propose 724 
the adoption of alternative materials for solar thermal collectors, e.g. polymeric 725 
materials (Carlsson et al., 2014).  726 
Some additional parameters that influence the output of a BI solar system, and 727 
therefore its environmental profile, are the following: working fluid, passive vs. active 728 
configurations, shadow effect, systems with sunlight concentration vs. systems without 729 
sunlight concentration, opaque vs. transparent (and semi-transparent) configurations, 730 
type of application, end-of-life and disposal, tilt angles – orientations – latitude, type of 731 
integration into the building, durability and lifespan of the adopted materials (Lamnatou 732 
and Chemisana, 2017) and, for some environmental indicators, the electricity mix of a 733 
country (Lamnatou et al., 2017).    734 
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In some cases, the materials of the storage system present a considerable 735 
environmental impact. For instance, there are studies which propose the combination of 736 
BI solar systems with PCM components. In the literature, LCA studies about BIST 737 
systems with fatty-acid PCM heat storage/insulation have been presented (Lamnatou et 738 
al. 2018a, 2018b). It was found that PCM environmental profile depends on the 739 
environmental indicator. Based on USEtox human toxicity/cancer, USEtox ecotoxicity 740 
and ReCiPe endpoint with characterisation (species.yr), it was verified that the PCM 741 
component (fatty acid) presents an impact considerably higher in comparison to the 742 
other parts of the BIST system (Lamnatou et al., 2018b). Moreover, in the case of PV 743 
systems, the storage may include batteries that influence the environmental profile of 744 
the whole system (Üçtuğ and Azapagic, 2018b). 745 
Another issue is related to the weight of the BI solar collectors/panels. There are 746 
studies that propose the adoption of alternative, lightweight materials in order to reduce 747 
the total weight of the system (Martins et al., 2018).  748 
In the case of BI solar systems which include PV cells, the type of the PV-cell 749 
material can remarkably influence the environmental profile of the whole system 750 
(Lamnatou and Chemisana, 2017). 751 
Certainly, the adoption of recycling, e.g. in the case of systems with large 752 
amounts of metals, offers considerable reduction in the environmental impact and more 753 
efficient utilisation of resources than using primary materials. In subsection 3.1.3, the 754 
role of recycling has been discussed.  755 
In light of the references and the discussion presented above, in Table 9 a 756 
classification of some parameters is presented. 757 
758 
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Table 9. Factors which influence the environmental profile of a BI solar system. 759 
Type of BI solar system Factor Brief discussion 
Solar thermal, PV or Photovoltaic/Thermal 
(PVT) 
The materials of the façade, wall, etc. 
that are part of the whole BI solar 
system 
For instance, the gutter of the BI system 
of the present study considerably 
influences the impact of the whole 
system since aluminium is its basic 
component 
Solar thermal or PVT Working fluid (e.g. water vs. air) Due to the lower thermal efficiency of 
the air heat extraction, the 
environmental profile of water-based 
systems is expected to be better than 
that of the air-based ones 
Solar thermal or PVT Passive vs. active configurations (in 
terms of the flow of the working fluid) 
In general, an active configuration is 
more complicated because additional 
materials/inputs such as fan and 
electricity to run the fan, are needed 
Solar thermal, PV or PVT Shadow effect – tilt angles – orientation 
– latitude  
All these factors influence the output of 
the system 
Solar thermal, PV or PVT Concentrating vs. non-concentrating 
systems 
In general, sunlight concentration offers 
higher energy output; in the case of PV 
or PVT systems, it also means 
replacement of the energy-intensive PV-
cell material with a concentrator 
Solar thermal, PV or PVT Opaque vs. transparent (or semi-
transparent) configurations 
Transparency influences the amount of 
sunlight that enters into the building 
Solar thermal, PV or PVT Type of application and type of building 
integration 
For instance, applications in the frame 
of buildings (façade, wall, etc.) and 
greenhouses 
Solar thermal, PV or PVT Weight of the materials, type of the 
materials of the storage system, end-of-
life and disposal, type of the PV cells 
(for PV and PVT systems), lifespan of 
the materials, adoption of alternative 
materials (e.g. polymeric) 
For example, the materials of the 
storage system, in some cases (e.g. 
batteries and PCM), can considerably 
influence the environmental profile of 
the whole system 
Solar thermal, PV or PVT Electricity mix of a country Certain environmental indicators 
include calculations which are directly 
associated with the electricity mix of a 
country 
Solar thermal, PV or PVT Recycling In many cases, these types of systems 
consist of large quantities of metals; by 
means of recycling of the metallic parts 
of a system, considerable impact 
reduction can be achieved 
   760 
5. CONCLUSIONS 761 
The present article is an LCA study about the environmental profile of a 762 
vacuum-tube BIST system, based on ReCiPe midpoint/endpoint and USEtox. It is 763 
highlighted under which conditions these types of systems offer eco-friendly solutions 764 
in the building sector. Moreover, critical parameters are discussed. 765 
On the basis of ReCiPe midpoint and by taking into account material 766 
manufacturing of the 16 collectors and the additional elements of the system (scenario 767 
«without recycling»), among glass-, aluminium-, copper- and steel-based components, 768 
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the copper-based ones present the highest impact in 15 of the 18 impact categories. 769 
More analytically, in the case of Freshwater eutrophication, copper has a score that is 770 
around 30 times higher comparing to that of aluminium. For Human toxicity, copper 771 
presents a value which is approximately 56 times higher than that of aluminium. For the 772 
category of Freshwater ecotoxicity, the score of copper is about 40 times higher in 773 
comparison to that of aluminium. In the case of Marine ecotoxicity, copper shows a 774 
value which is approximately 37 times higher comparing to that of aluminium. In 775 
addition, for Metal depletion, copper presents a score that is around 537 times higher 776 
than that of aluminium.  777 
In terms of the life-cycle results, ReCiPe PBT shows a value of 18.14 years in 778 
the case of France´s electricity mix and for the scenario «without recycling». According 779 
to a hypothetical scenario, the adoption of Spain´s electricity mix, due to the remarkable 780 
differences with the electricity mix of France, presents a ReCiPe PBT of 4.03 years 781 
(scenario «without recycling»).   782 
By means of recycling of glass, metals and plastics (for the other materials, 783 
landfill has been assumed) ReCiPe PBT is reduced: 1) from 18.14 to 15.48 years based 784 
on French electricity mix, 2) from 4.03 to 3.44 years based on Spanish electricity mix. 785 
Consequently, these findings reveal that recycling offers a remarkable reduction in 786 
ReCiPe PBT. 787 
The results according to USEtox by considering all the components of the 16 788 
collectors and the supplementary elements of the system for material manufacturing and 789 
for the scenario «without recycling», demonstrate that the material with the highest total 790 
score with respect to: 1) human toxicity/cancer and ecotoxicity is copper, 2) human 791 
toxicity/non-cancer is propylene glycol. The USEtox findings verify that the adoption of 792 
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recycling of the metals offers a considerable reduction in the impact: 20-95%, 793 
depending on the type of the metal and the impact category.  794 
A critical discussion about factors that influence the environmental profile of BI 795 
solar systems shows that these parameters include multiple aspects such as the materials 796 
of the storage system, the type of building integration, the use of alternative materials 797 
with low environmental impact and the waste-management options.   798 
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